Aim: The hippocampus is considered a key region in schizophrenia pathophysiology, but the nature of hippocampal subregion abnormalities and how they contribute to disease expression remain to be fully determined. This study reviews findings from schizophrenia hippocampal subregion volumetric and physiological imaging studies published within the last decade.
| INTRODUCTION
The hippocampus, which plays a key role in emotion, stress, and declarative memory, has long been considered a key region in the pathophysiology of schizophrenia [1] [2] [3] and findings such as smaller hippocampal volume, [4] [5] [6] lower episodic memory performance, 7, 8 and hippocampal physiological abnormalities [9] [10] [11] are well established in individuals with schizophrenia when compared to controls. These abnormalities are also observed in relatives of individuals with schizophrenia, [12] [13] [14] [15] suggesting possible genetic influences. The illness stage at which these abnormalities arise has not been fully clarified, but research suggests that lower whole hippocampal volume is present at psychosis onset but may not predate the illness. 16 Most schizophrenia-related brain imaging studies published to date, however, have focused on the overall hippocampus, or the anterior and posterior hippocampus 17, 18 based on the view that the anterior hippocampus serves anxiety-related and the posterior hippocampus serves spatial navigation and memory-related behaviors. 19 The hippocampal formation, however, is comprised of several subregions, including the dentate gyrus (DG), cornu ammonis (CA) 1-4, the subiculum (pre-, para-, and pro), and the entorhinal cortex (EC). The EC provides input to the hippocampus and connects via the perforant pathway to the DG, which connects via the mossy fiber pathway to CA3, which connects via the schaffer collateral pathway to CA1. These regions form the trisynaptic pathway. CA1 projects to the subiculum, which is the major hippocampal output region of the hippocampus. Both CA1 and subiculum also have bidirectional connections with the EC [for review, see 20 ].
Several models of hippocampal formation circuitry pathology in schizophrenia have been proposed. [20] [21] [22] [23] [24] [25] Benes 21 suggested that schizophrenia is associated with GABAergic dysfunction in areas CA2/3 of the trisynaptic pathway. Lisman and Grace 22 hypothesized a hyperdopaminergic state in schizophrenia due to an abnormally functioning loop connecting the subiculum to the ventral tegmental area; they suggest that this may result in a mismatch between lowered cortical input to CA1, representing sensory reality, and CA3 input to CA1, representing predicted information. Behrendt 23 hypothesized that increased CA3 excitability may produce hallucinations. Tamminga et al 24 
| METHODS
We searched the PubMed database using the terms "hippocampal subfield[s]" OR "hippocampal subregion[s]" AND "schizophrenia" OR "psychosis," as well as "cornu ammonis," "CA1," "CA2," "CA3,"
"CA4," "dentate gyrus," "DG," "molecular layer," "ML," or "subiculum"
AND "schizophrenia" AND "volume" OR "fMRI." We combined the search results, removed duplicates, and manually reviewed titles and abstracts from 1373 manuscripts published after 2008-when the first automated method for hippocampal subfield volume estimation was published 26 -inclusive and prior to November 9, 2017 ( Figure 1 ). We excluded any manuscripts based on shape methods based on primary interest in hippocampal subregion volume and physiology findings and because shape findings are difficult to summarize. We identified 13 relevant structural imaging publications [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] (Table 1) , and 3 relevant physiological imaging publications [40] [41] [42] (Table 2) . LD, longitudinal design; LRC, low genetic risk (no family history); ML-GC-DG, molecular layer-granule cell layer-dentate gyrus; ML, molecular layer; pre-SUB, presubiculum; R, right; SCS, subchronic schizophrenia; SCZ, schizophrenia; SUB, subiculum; UHR-NR, ultra high risk of psychosis who remained at risk/converted to psychosis; UHR-R, ultra high risk of psychosis who subsequently remitted; T, total (left and right hemisphere combined). This study has several strengths, it uses the updated and more accurate hippocampal subregion template, it includes short-and long duration of illness samples, and longitudinal data from a subsample.
| RESULTS

| Structural abnormalities in hippocampal subregions in schizophrenia
The authors list a rate of change of hippocampal subregion volume loss of 2%-6% per year. This rate of change seems rather high as when assuming linearity, after 5 years of illness, patients would have lost 10%-30% of their hippocampal volumes which is more than the mean reported in most studies to date. volumes. This study replicates the earlier finding of a steeper rate of change for hippocampal subregion volumes, specifically in CA1, in CHR subjects. 36 Together with their prior report, these findings provide compelling evidence for primary involvement of CA1 early in schizophrenia pathogenesis.
To date, the only study that has assessed hippocampal subregion volumes using ASHS 51, 52 has been reported by Ota CBV was due to effects of antipsychotic treatment. This study's major strength is that it shows higher CA1 CBV in schizophrenia with a replication in an independent sample of individuals at CHR for psychosis.
In a second study, using the same technique, Schobel et al Anterior CA1 CBV did not correlate significantly with symptom severity. This study provides a partial replication by an independent group of the higher CA1 CBV reported in the first two studies, though did not replicate previously observed associations with symptom severity.
| DISCUSSION
This study reviews hippocampal subregion volume and physiology findings to assess the status of the field with regard to the following 35, 41 ; one shows an additional decrease in CA2/3 and the other in subiculum volumes. 35 In addition, in all but two studies, 31,33 the more chronic schizophrenia samples 30, 32, 34, 36 showed more hippocampal subregion deficiencies than the first-episode schizophrenia samples, 31, 37, 39 and all 31,36,37 but one longitudinal study 33 found further volume decline in subregion volumes after illness onset.
Three studies, comprising 4 samples (3 independent)-including 2 chronic schizophrenia and 1 clinical high risk for psychosis-reported high CA1 CBV in schizophrenia 40, 42 or in CHR converters compared to controls. 40, 41 Importantly, high CA1 CBV was associated with overall hippocampal and CA1 volume loss and initial evidence of an underlying mechanism involving extracellular glutamate was reported on. 41 Together, these findings indicate that the deficits in the DG-CA3-CA1-subiculum circuit may contribute to the emergence of psychosis, though the degree of alteration and contribution for each of these regions to psychosis may depend on the stage of illness. The findings of fewer regional deficiencies in clinical high risk and firstepisode schizophrenia subjects compared to chronic schizophrenia subjects, with the most evidence for early replicated CA1 volume deficiency 36, 41 and high CA1 CBV 40, 41 during the prodromal phase and in addition replicated CA4/DG volume deficiency at first-episode, 31, 37, 39 suggest that regional hippocampal volume deficiencies may be larger than total hippocampal volume deficiencies. This interpretation fits well with the observation that overall hippocampal volume deficits were found not present prior to illness onset, to emerge in first-episode schizophrenia, and to be clearly present in chronic schizophrenia. 16 With regard to genetic and environmental influences, only a single study in individuals at familial high risk for schizophrenia showed smaller subiculum volumes in high-vs low-risk subjects. 28 An additional study found that higher schizophrenia polygenic risk scores predicted less volume increase or possibly volume decrease in CA4/ DG volume in an exercise trial. 38 No further family or genetic association studies examining hippocampal subregions in schizophrenia have been reported on, though hippocampal subregion volumes were shown to be heritable in healthy individuals. 58, 59 Two studies compared hippocampal subregion volumes between schizophrenia and bipolar disorder, 30, 32 with one reporting less, 30 and the other reporting similar hippocampal subregion volume deficiencies in bipolar disorder compared to schizophrenia. 32 The later study found that presubiculum and subiculum volumes were more affected in schizophrenia. 32 Another study found lower CA1 volumes in schizophrenia compared to controls subjects, and lower DG volumes in schizophrenia compared to control and unmedicated subjects with major depressive disorder. 34 Clearly, these findings warrant replication. Cross-disorder comparisons are critically important to determine whether any of the observed hippocampal subregion anomalies are disease-specific or generic to multiple psychiatric disorders and perhaps due to common underlying risk factor such as stress. 21 Based on our literature review, no cross-disorder studies of hippocampal subregion physiology have been conducted. total hippocampal volume to assess regional specificity and no studies examined differences in lateralit. This review also has several limitations. First, given that the total number of studies reporting on HF subregion volumes and physiology is rather small, the review is lim- 6 in order to achieve the sample sizes needed for robust findings. Finally, the field as a whole would benefit from additional physiological studies as few have been conducted to date.
The area of hippocampal subregion imaging in schizophrenia is still in its infancy, and we must caution against overinterpretation of the findings published to date for several reasons. First, the CA1 is the largest hippocampal subregion and given that these studies are at the cutting edge of what current imaging technology can provide, it may be easier to detect effects in large compared to small regions. Second, it is not clear whether our current image resolution is sufficient to assess all relevant anatomical variation. 70 Third, there are major differences in the methods employed by studies and the field is still working toward a consensus of best practices. [43] [44] [45] 
